Abstract: Ascochyta blight, caused by the fungus Ascochyta rabiei (Pass.) Lab., is one of the most devastating diseases of chickpea (Cicer arietinum L.) worldwide. Research was conducted to map genetic factors for resistance to ascochyta blight using a linkage map constructed with 144 simple sequence repeat markers and 1 morphological marker (fc, flower colour). Stem cutting was used to vegetatively propagate 186 F 2 plants derived from a cross between Cicer arietinum L. 'ICCV96029' and 'CDC Frontier'. A total of 556 cutting-derived plants were evaluated for their reaction to ascochyta blight under controlled conditions. Disease reaction of the F 1 and F 2 plants demonstrated that the resistance was dominantly inherited. A Fain's test based on the means and variances of the ascochyta blight reaction of the F3 families showed that a few genes were segregating in the population. Composite interval mapping identified 3 genomic regions that were associated with the reaction to ascochyta blight. One quantitative trait locus (QTL) on each of LG3, LG4, and LG6 accounted for 13%, 29%, and 12%, respectively, of the total estimated phenotypic variation for the reaction to ascochyta blight. Together, these loci controlled 56% of the total estimated phenotypic variation. The QTL on LG4 and LG6 were in common with the previously reported QTL for ascochyta blight resistance, whereas the QTL on LG3 was unique to the current population.
Introduction
Ascochyta blight, caused by the fungus Ascochyta rabiei (Pass.) Lab., is one of the most devastating diseases of chickpea (Cicer arietinum L.) worldwide. Total yield losses have been reported in severely affected fields (Acikgoz et al. 1994; Jimenez-Diaz et al. 1993; Nene 1984) . Seed treatment and foliar application of fungicides, as well as various cultural practices, have often been ineffective or uneconomical in controlling the disease (Nene and Reddy 1987) . The use of cultivars with improved levels of resistance is considered the most economical solution for long-term disease management. Breeding for resistance to ascochyta blight in chickpea has been hindered by the lack of sources of high levels of resistance in the primary gene pool and the high pathogenic variability of the fungus (Dey and Singh 1993; Khan et al. 1999; Reddy 1991, 1993) . Nevertheless, using partial resistance available in germplasm collections breeders have developed several cultivars with moderate levels of resistance (Muehlbauer et al. 1998a (Muehlbauer et al. , 1998b Muehlbauer and Kaiser 2002; Malhotra et al. 2003; Rubio et al. , 2004 Vandenberg et al. 2003a Vandenberg et al. , 2003b Warkentin et al. 2005) . The occurrence of a new pathotype or the in-creased aggressiveness of the current A. rabiei pathotype has overcome the resistance in several of these cultivars. Additional sources in breeding programs are needed to diversify the genetic basis for ascochyta blight resistance in elite chickpea germplasm to increase the levels and (or) durability of the resistance through gene pyramiding.
The pathogenic variability of A. rabiei has been demonstrated since the 1960s (Nene and Reddy 1987; Kaiser 1997) . The fungus can occur in its sexual state, Didymella rabiei (Kov.) V. Arx (Kaiser 1992) , which increases the genetic variability of the pathogen population. Several classifications have been suggested for A. rabiei isolates based on the reaction of a set of differential host plants (Udupa et al. 1998; Jamil et al. 2000; Chen et al. 2004; Chongo et al. 2004) . However, the lack of universal differential host plants for isolate characterization and the use of different screening techniques and (or) conditions, as well as the absence of a consensus as to whether the variability of A. rabiei is due to pathotypes or the aggressiveness of a single pathotype, make it difficult to distinguish different resistance genes. Furthermore, the reaction of chickpea genotypes with potentially different genes for resistance often results in similar phenotypes. Therefore, resistance contributed by different genes cannot be separated on the basis of disease evaluation alone. Analysis of quantitative trait loci (QTL) of ascochyta blight reaction using a linkage map of common markers across different populations and localization of the resistance genes in the host genome may be used to differentiate resistance genes.
Different models for the genetics of the resistance to ascochyta blight have been suggested, which may complicate the breeding for resistance in chickpea. Depending on the cultivars tested, the isolates of the fungus, and the methods of disease screening, either qualitative or quantitative resistance has been reported (Tewari and Pandey 1986; Nene and Sheila 1992; Singh et al. 1992; Santra et al. 2000; Tekeoglu et al. 2000; Lichtenzveig et al. 2002) . Additional genes that modify the expression of resistance have also been reported . To date, a number of QTL for resistance to ascochyta blight have been identified Tekeoglu et al. 2002; Flandez-Galvez et al. 2003; Millan et al. 2003; Udupa and Baum 2003; Cho et al. 2004; Iruela et al. 2006) . The primary QTL for ascochyta blight resistance derived from 'FLIP84-92C' and 'ILC3279' were located on LG2 and LG4 Tekeoglu et al. 2002; Udupa and Baum 2003; Cho et al. 2004) . Two QTL in an inbred population derived from an interspecific cross between 'FLIP84-92C' and C. reticulatum ('PI599072') simultaneously accounted for 50% and 45%, respectively, of the total estimated phenotypic variation in 2 subsequent years . Tekeoglu et al. (2002) further demonstrated that 1 QTL (QTL1) is closely linked to GAA47 simple sequence repeat (SSR) and ubc733 markers, whereas the other is associated with TA72s, TA2, TS54, and TA146 SSR markers. In the F 2 population derived from a cross involving 'ICC12004' as the source of resistance, Flandez-Galvez et al. (2003) reported a strong association between the reaction to ascochyta blight under field and controlled environments with the genomic regions on LG1, LG2, and LG3. A 5.6 cM interval between TS12b and STMS28 on LG1 was significantly associated with the reaction under field conditions, whereas the regions flanked by TS45 and TA3b on LG2 and flanked by TA130 and TA146 on LG3 were significantly associated with the reaction under controlled environment conditions (Flandez-Galvez et al. 2003) .
However, the majority of these QTL studies were based on partial maps with a limited number of marker loci and relatively small population size. For example, the study by Udupa and Baum (2003) was based on a linkage map of 52 SSRs and a population size of 97 inbred lines. The QTL reported by Flandez-Galvez et al. (2003) was based on the analysis of 85 F 2 plants using a map of 66 markers, including 51 SSRs. Furthermore, the QTL analysis for resistance to A. rabiei-specific isolates reported by Cho et al. (2004) was based on a map of only 53 SSRs with several gaps occurring in different linkage groups. A well-saturated linkage map covering the entire chickpea genome and a large population size representing a wide range of variation in response to the disease are needed to better resolve the genomic regions associated with the resistance to ascochyta blight. The QTL analysis in the current study was based on a more comprehensive SSR linkage map and a large population and had the primary goal of finding SSR markers linked to gene(s) for resistance to ascochyta blight. Furthermore, the resistance in the current population was derived from a source ('CDC Frontier') that is different from those previously reported by Flandez-Galvez et al. (2003) , Udupa and Baum (2003) , and Cho et al. (2004) .
Recently, a significant number of new SSRs for chickpea were developed (Sethy et al. 2003; Lichtenzveig et al. 2005 ), but they have not yet been mapped or integrated into the existing linkage maps. The objectives of the current study were to integrate these new SSRs into the current genetic map of chickpea and to use the map to identify QTL associated with resistance to ascochyta blight in a F 2 population derived from a cross between 'ICCV96029' and 'CDC Frontier'. The study provided a detailed picture of the estimates of the minimum number of QTL affecting the trait, the chromosomal location of these loci, and the magnitude of the effect of each QTL. Since common SSRs from the previous maps were also used in the current study, we further tested whether there were common QTL between the current population and those previously reported by Flandez-Galvez et al. (2003) , Udupa and Baum (2003) , and Cho et al. (2004) .
Materials and methods

Plant materials
An F 2 population consisting of 186 individuals segregating for reaction to ascochyta blight was developed by crossing 'ICCV96029' and 'CDC Frontier'. 'ICCV96029' is an early maturing ''desi'' cultivar, highly susceptible to ascochyta blight, which was developed by the International Crops Research Institute for the Semi-Arid Tropics. The ''kabuli'' cultivar 'CDC Frontier' was developed at the Crop Development Centre, University of Saskatchewan (Warkentin et al. 2005) . It was selected from a population derived from a cross between 'FLIP91-22C' and 'ICC14912'. 'CDC Frontier' has medium seed size (375 g/1000 seeds), late maturity, and moderate resistance to ascochyta blight. A single F 1 plant was vegetatively propagated by stem cuttings to maximize production of F 2 seeds for population development. Stimroot no. 1 (Evergro Canada Inc., Delta, B.C.) containing the active ingredient indole-3-butyric acid was used to induce root development. Each F 2 plant was also vegetatively propagated. Three to 4 cuttings were made from each F 2 plant. Initially, the cuttings were grown in a peat pellet and incubated in a high-humidity chamber with fluorescent light for about 10 d. The cutting-derived plants were then transferred into individual 10 cm 2 pots filled with Sunshine mix no. 4 medium (Sun Gro Horticulture Canada Ltd., Seba Beach, Alta.). Three cutting-derived plants from each F 2 plant that were relatively uniform in size were selected and used for disease evaluation. The mother plants were kept separately in a greenhouse for seed increase.
Ascochyta disease screening
The F 2 clones were arranged in 3 replications in a completely randomized design in a greenhouse for ascochyta blight evaluation. Single-spore-derived culture of A. rabiei isolate ar68-2001, which consistently differentiated 'ICCV96029' and 'CDC Frontier', was used to inoculate the F 2 clones and the F 3 families. This isolate was collected from cultivar 'Sanford' (Muehlbauer et al. 1998a ) grown from a commercial production field in Saskatchewan in 2001. The isolate was selected for a high level of aggressiveness from a collection of more than 250 isolates obtained from different chickpea cultivars and production areas across Saskatchewan between 1998 and 2002. The ar68-2001 was grown at room temperature under continuous fluorescent light. Primary inoculum was produced by diluting 7-d-old colonies with sterile distilled water and then agitating the cultures with a sterile glass rod. The suspensions were filtered through a Mira-cloth layer and adjusted to a final concentration of 2 Â 10 5 conidia/mL using a hemacytometer. Tween 20 (polyoxyethylene sorbitan monolaurate) was added as a surfactant at a rate of 1 drop per 100 mL suspension.
The plants were inoculated by spraying with 1.5-2.0 mL of conidial suspension per plant or until run-off using an atomizer. Immediately after inoculation, the plants were transferred into a misting chamber covered with a translucent plastic sheet to provide~100% relative humidity during the infection period. After 48 h of incubation, the plants were transferred to a greenhouse. The temperature was maintained at 20-16 8C (day/night) and 16 h photoperiod with fluorescent and incandescent lights. Host plant reactions were scored visually 2 weeks after inoculation. Scoring was made on an individual plant basis on a scale of 0 to 9 (Singh and Reddy 1993; Chongo et al. 2004) , where 0 = no symptoms; 1 = few, very small lesions (<2 mm 2 ) on leaves and stems (1%-2% plant area is infected); 2 = many, very small lesions and few small lesions (2-5 mm 2 ) on leaves and stems (3%-5% plant area infected); 3 = many small lesions (5%-10% plant area infected); 4 = few small and few large lesions (>5 mm 2 ), 10%-25% plant area infected; 5 = many small and large lesions (25%-50% plant area infected); 6 = many small and large lesions, lesions coalescing (50%-75% plant area infected); 7 = many small and large lesions, lesions coalescing, stem girdled (75%-90% plant area infected); 8 = many small and large lesions, lesions coalescing, girdling stem breakage (>90% plant area infected); and 9 = plants are dead. ANOVA for the reaction to ascochyta blight was done using PROC GLM in the SAS program (SAS Institute Inc. Incorporated, Cary, N.C.). The mean disease score of 3 clones for each F 2 plant was used for QTL analysis.
Genetic control of ascochyta blight resistance
All the F 3 seeds harvested from each F 2 plant were grown, 1 seed per pot, in 10 cm 2 pots filled with Sunshine mix no. 4 medium. These F 3 families were inoculated with the same isolate and underwent the same procedure as for the F 2 clones. The families were used to examine the genetic control of ascochyta blight resistance. A Fain's test (Lynch and Walsh 1997 ) was used to infer whether a major gene(s) with large effects or multiple genes with small effects were segregating in the population. The analysis was based on the means and variances of F 3 families and assumed that if a trait is determined by a single gene (or a few genes) with large effects, families possessing the most extreme phenotypes are likely to be homozygous, thus exhibiting low variances within each family, whereas families with intermediate phenotypes are more likely to be heterozygous, thus exhibiting large variances within each family.
SSR analysis
Genomic DNA was prepared according to the protocol described by Doyle and Doyle (1990) . DNA of the parental lines was screened for polymorphisms using 332 SSRs Winter et al. 1999; Sethy et al. 2003; Lichtenzveig et al. 2005) . The SSR primer pairs that clearly differentiated the 2 parents and were reproducible were used to characterize the F 2 plants. PCR amplification was done following the protocol described by Winter et al. (1999) . PCR products were separated through a 6% polyacrylamide gel and stained with silver nitrate.
Linkage and QTL analyses
Linkage groups of the markers were determined using the Group command of MAPMAKER/EXP program version 3.0 (Lander et al. 1987 ) at a LOD (logarithm of odds ratio) score of 3.0. The order of the markers within a group was determined using the Compare command at a LOD score of 3.0. Additional markers were subsequently added using the Try command at a LOD threshold of 3.0. The best order of the markers was then verified using the Ripple command with a LOD score of 3.0. The QTL location and effect were estimated by composite interval mapping (CIM) using the QTL Cartographer program for Windows version 2.5 (Wang et al. 2005 ). The standard model of the Zmapqtl procedure of the QTL Cartographer (Basten et al. 1994) was used in the analysis by scanning the genome every 2 cM. The cofactors were specified as 5 marker loci identified by stepwise regression that explained the most variation for the disease reaction. The threshold levels to declare significant QTL were empirically determined by performing 1000 permutations of the data, which maintained the chromosome-wise type I error rate of 0.05 (Churchill and Doerge 1994) . The additive and dominant effects of the detected QTL were also estimated by the Zmapqtl procedure. The proportion of phenotypic variance accounted for by each detected QTL was estimated by a single-factor ANOVA with the SAS General Linear Model procedure on the individual marker loci closest to the QTL identified by CIM. The amount of phenotypic variation simultaneously explained by all QTL was determined using a stepwise regression analysis of the closest marker locus for each QTL detected by CIM.
Results
Significant differences in ascochyta blight disease scores were detected among the F 2 plants ( Table 1) . Multiplication of the plants by stem cutting enabled us to replicate each F 2 plant for more accurate disease screening. The frequency distribution of the mean of 3 clones for each of the 186 F 2 plants is presented in Fig. 1 . The distribution of the disease scores was continuous, encompassed a wide range of responses (3.6-9.0), and was skewed toward resistance (skewness = 0.56). The mean score of the F 2 plants was 5.4 , and the median was 5.2. The average score of 10 plants of 'CDC Frontier' was 4.0 ±0.5, whereas the average score of 10 plants of 'ICCV96029' was 8.6 ± 0.2. The average score of 9 F 1 plants was 4.1 ± 0.3, which was not significantly different from the average score of 'CDC Frontier' (t = 1.193; P = 0.27). These results indicated that only a few resistance genes, which behaved in a dominant manner, controlled the resistance in 'CDC Frontier'.
A total of 158 F 2 -derived F 3 families were evaluated for ascochyta blight reaction. A total of 9 to 24 plants were evaluated per F 3 family. Mean disease scores of the F 3 families were highly correlated with the mean scores of the F 2 plants (r = 0.77; P = 0.000). The relation between the mean ascochyta blight score of the F 3 family and the variance within each family was best explained using a quadratic model (V i = 3.239 + 1.841M i -0.183M i 2 ; P = 0.002; Fig. 2) , where V i is the phenotypic variance within the ith family and M i is the mean disease score of the family. The result of this analysis demonstrated that the b2 coefficient was highly significant (P = 0.004), suggesting that 1 or a few genes with large effects were segregating in the population.
Initially, a total of 332 SSR primer pairs obtained from Hüttel et al. (1999) , Winter et al. (1999) , Sethy et al. (2003) , and Lichtenzveig et al. (2005) were tested for polymorphism between 'ICCV96029' and 'CDC Frontier'. A total of 136 SSR primer pairs generated polymorphic bands between 'ICCV96029' and 'CDC Frontier'. These SSRs were then scored across the 186 F 2 plants. A few SSRs, including TA186 and TS23, which generated banding patterns that were difficult to score in the F 2 plants, were excluded from further analysis. Seven SSRs (TA116, TA127, TAA104, TR40, H3D05, H4A03, and H5A08) generated multiple polymorphic bands between 'ICCV96029' and 'CDC Frontier'. Linkage analysis on the F 2 data demonstrated that these bands were independent loci and were mapped to different locations. The size of the 'ICCV96029' allele generated by these SSRs is indicated in the map in parenthesis (Fig. 3) . The goodness-of-fit of the observed segregation ratio to the expected ratio demonstrated that the majority of the SSRs did not significantly deviate from the expected 1:2:1 ratio (P 0.10). SSR markers with distorted segregation ratios were placed on LG1 (H4G07 and TA113), LG5 (NCPGR1 and STMS22), and LG7 (TAA104 213 ). These SSRs had a greater frequency of homozygotes than heterozygotes either for 'ICCV96029' or 'CDC Frontier' alleles.
One hundred and forty-four SSR markers generated using 134 primer pairs and 1 morphological marker (flower colour = fc) were assigned into 8 linkage groups with a combined linkage distance of 1285 cM (Fig. 3) . To the best of our knowledge, this is the first genetic map from an intraspecific population of chickpea containing a large number of SSRs. The SSR markers that were assigned to the linkage map included 106 SSRs derived from Winter et al. (1999) and Hüttel et al. (1999) , 33 SSRs from Lichtenzveig et al. (2005) , and 5 SSRs from Sethy et al. (2003) . The average linkage distance between pairs of markers in all linkage groups was 8.9 cM. The maximum distance (28.6 cM) separating 2 markers occurred on LG4 between the morphological marker (fc) and TR11, and the minimum distance between 2 markers was 0.8 cM on LG7 between TAA104 (290) and TA140.
In general, the SSRs that are common between the current map and the previous maps (Winter et al. 2000; Udupa and Baum 2003) were placed on the same linkage groups but with slightly different orientation and distance (Fig. 3 ). Six linkage groups had 16 or more SSRs, whereas LG1 and LG8 had fewer SSRs. In contrast to the partial map reported by Cho et al. (2004) , the SSRs on LG2 and LG6 were kept in 2 separate groups, even after the LOD threshold was lowered to 2.0 in the grouping command during linkage analysis.
Significant associations between SSR markers and putative QTL for ascochyta blight reaction were found on 3 linkage groups (Table 2; Fig. 3 ). One QTL, each on LG3, LG4, and LG6, accounted for 13%, 29%, and 12%, respectively, of the total estimated phenotypic variation for the reaction to ascochyta blight in the current population. Together, these loci accounted for 56% of the total estimated phenotypic variation. For each genomic region, the allele from 'CDC Frontier' contributed additively to the resistance. The QTL on LG4 flanked by TA2 and TA146 colocalized with the QTL reported by Tekeoglu et al. (2002) , Udupa and Baum (2003) , and Cho et al. (2004) . The QTL on LG6 between TA80 and TA22 was near the previously reported region associated with the major gene for resistance in the map of Cho et al. (2004) . The QTL on LG3 between TA64 and TS19 of the current map appeared to be unique to our population. In contrast to previous reports, no significant effects on ascochyta blight reaction were detected on LG2 in the current study. 
Discussion
The primary goal of the current study was to map genetic loci associated with QTL for resistance to ascochyta blight in a F 2 population of chickpea derived from a cross between 2 cultivars, 'ICCV96029' and 'CDC Frontier', using an SSR linkage map. Screening 332 SSRs for polymorphism between the 2 parents revealed that only 41% were polymorphic. This level of polymorphism is comparable with the findings of Udupa and Baum (2003) and Cho et al. (2004) , who demonstrated that the SSR polymorphic levels between 2 C. arietinum parents were in the range of 30% to 50%. A higher level of polymorphism (77%) was found between parents of a cross between C. arietinum and C. reticulatum (Tekeoglu et al. 2002) . The low level of genetic diversity within the primary gene pool of chickpea was proposed to be due to multiple bottlenecks facing the species during the domestication process (Abbo et al. 2003) . Combining SSRs with new types of markers, such as those based on single nucleotide polymorphism, might be needed to develop a well-saturated map of chickpea.
Several linkage maps have been developed for chickpea (Winter et al. 2000; Tekeoglu et al. 2002; Flandez-Galvez et al. 2003; Udupa and Baum 2003; Cho et al. 2004 ). The use of common SSRs has enabled alignment and will facilitate transfer of information among the maps. The current analysis generated 8 linkage groups, which is equal to the number of chromosomes (2n = 2x = 16) for chickpea. The map spanned approximately 1285 cM, which is comparable with the previous map (1175 cM) developed using a combination of different marker systems (Tekeoglu et al. 2002) . However, the current map is much smaller than the map reported by Winter et al. (2000) , which spanned over 2000 cM. That map was developed using a population of recombinant inbred lines derived from an interspecific cross, and it comprised 16 linkage groups, 8 large and 8 small groups. Several factors, including population size and the number of markers used in the analysis, may contribute to the differences in map coverage on different populations. In pea, Laucou et al. (1998) suggested that the difference in linkage intensity among different crosses might also be responsible for the differences in map coverage.
For genetic analysis and QTL mapping of ascochyta blight resistance, a large population representing a full range of variability in disease susceptibility and an accurate and reproducible screening method are needed. Cho et al. (2004) demonstrated that environmental conditions, particularly relative humidity, played a significant role in the infection process. The current study used a relatively large population size of 186 F 2 plants derived from an intraspecific cross. The disease evaluation was done under carefully controlled environmental conditions, which increased the For personal use only.
reliability of the results. The current study also demonstrated the usefulness of stem cuttings as a means to multiply the F 2 plants to provide adequate replications for more precise disease scoring. Few studies have used controlled environments to evaluate chickpea genotypes for ascochyta blight reaction (Flandez-Galvez et al. 2003; Udupa and Baum 2003; Cho et al. 2004 ). Previous reports Tekeoglu et al. 2000) used either interspecific cross-derived lines and (or) field evaluations for genetic study of ascochyta blight resistance. Udupa and Baum (2003) argued that interspecific crosses might generate wide variability in morphological traits in the progeny, which could interfere with the disease reaction.
The results of the current QTL analysis showed some similarities with the previous reports despite the differences in the source of resistance and the A. rabiei isolate. The QTL with the largest effect (29%) was located on LG4. These findings are in parallel with previous reports by Udupa and Baum (2003) , Cho et al. (2004), and Iruela et al. (2006) , which concluded that the major QTL for quantitative resistance to A. rabiei was located on LG4. Furthermore, a secondary QTL was located on LG6, flanked between TA80 and TA22, in the proximity of the QTL on LG2B+6B reported by Cho et al. (2004) .
None of the loci on LG2 was associated with resistance to ascochyta blight in the current population. This result is in contrast to the finding of Cho et al. (2004) , which suggested that a major gene (Ar19) located on LG2A controlled qualitative resistance to A. rabiei. Furthermore, Cho et al. (2004) suggested that additive interaction between the major gene on LG2 and the QTL on LG4 may contribute to the quantitative resistance to ascochyta blight. This finding was not surprising, since the current population was only evaluated for its quantitative reaction to the selected A. rabiei isolate. Our initial screening of a number of genotypes suggested that the current isolate was grouped as pathotype 2.
The presence of a QTL on LG3 between TA64 and TS19 loci, which accounted for 13% of the total estimated phenotypic variation, appeared to be specific to this source. This locus, along with the other 2 loci, contributed to the increase in quantitative resistance to ascochyta blight in the current population. The presence of conserved loci for resistance to ascochyta blight between populations as well as a specific locus in the current population is of particular interest for breeding application, especially for stacking different alleles to enhance and (or) maintain the durability of the resistance. The QTL on LG3 might be added to cultivars whose resistance was derived from either 'FLIP84-92C' or 'ILC3279'. The TA64 and TS19 SSRs, which flanked this locus, would facilitate the transfer.
Multiple regression analysis demonstrated that the 3 QTL for resistance derived from 'CDC Frontier' accounted for 56% of the total estimated variation in the F 2 plants. Because the effects of each QTL were assessed through the linked marker that was closest to the LOD peak, the actual contribution of these resistance QTL might be greater than 56%. The remainder of the variation could be attributed to environmental effects and experimental error, as well as other resistance genes with small effects and (or) other genes with epistatic effects.
The model of a few genes with moderate to large effects conditioning the resistance to ascochyta blight in the current population was also supported by the test of F 3 family means and variance within families, which clearly showed that a few genes with large effects were segregating in the population. These results are in general agreement with previous studies Santra et al. 2000; Flandez-Galvez et al. 2003; Millan et al. 2003; Cho et al. 2004; Iruela et al. 2006) .
The nonsignificant difference between mean disease score of the F 1 plants and that of 'CDC Frontier'strongly suggests that the major components of the resistance in 'CDC Frontier' are dominant. The skewness of the disease reaction in the F 2 plants towards resistance also supports this conclusion. Each QTL derived from 'CDC Frontier' had additive effects. The additive effects of these alleles can be illustrated clearly by examining the average disease scores of each genotypic class. The average disease score of the F 2 plants that had 'CDC Frontier' alleles at all 3 loci (TA64, TS54, and TA176) was 5.0. In contrast, the F 2 plants that were homozygous for 'ICCV96029' alleles at these 3 loci had an average score of 6.7, whereas the plants that were heterozygous for the 3 loci had disease scores between these values.
These results may have potential application to accelerating the breeding of chickpea cultivars with improved ascochyta blight resistance by screening for homozygous 'CDC Frontier' alleles at TA64, TS54, and TA176 loci. Using conventional disease evaluation, it is found that the reaction of different genotypes with potentially different allele combinations for resistance to ascochyta blight often results in similar phenotypes. Therefore, resistance that may be contributed by different alleles cannot be separated. Furthermore, conventional screening for ascochyta blight resistance under greenhouse or growth room conditions is generally less appealing because it is time consuming and highly af- fected by environmental fluctuation. The entire process of phenotypic evaluation, including plant growth, fungal culture preparation and inoculation, misting and scoring, requires more than 30 days to accomplish. Many biological factors need to be rigorously controlled, and only a limited number of lines can be handled, because multiple replicate inoculations per line may be necessary. In summary, this study provided insight into the genetic control of ascochyta blight resistance in chickpea. An F 2 population consisting of 186 plants from a cross between 'ICCV96029' and 'CDC Frontier' was used. Stem cutting was used as a means for multiplication of the F 2 plants to provide replications for more accurate disease screening. Evaluations of the F 1 and F 2 plants demonstrated that the resistance was dominantly inherited. A Fain's test based on the means and variances of the ascochyta blight reaction for the F 3 families demonstrated that a few genes were segregating in the population. A linkage map was constructed with 144 SSR markers and 1 morphological marker, which is the largest number of SSR markers mapped in 1 population of chickpea to date. Three QTL, 1 each on LG3, LG4, and LG6, were identified, which altogether accounted for 56% of the total estimated phenotypic variation for the reaction to ascochyta blight. The QTL on LG4 and LG6 were in common with previously reported QTL for ascochyta blight resistance, whereas the QTL on LG3 appeared to be unique to the current population.
